Guan Z, Singletary ST, Cha H, Van Beusecum JP, Cook AK, Pollock JS, Pollock DM, Inscho EW. Pentosan polysulfate preserves renal microvascular P2X1 receptor reactivity and autoregulatory behavior in DOCA-salt hypertensive rats. Am J Physiol Renal Physiol 310: F456 -F465, 2016. First published December 23, 2015 doi:10.1152/ajprenal.00110.2015.-Inflammation contributes to ANG II-associated impairment of renal autoregulation and microvascular P2X1 receptor signaling, but its role in renal autoregulation in mineralocorticoid-induced hypertension is unknown. Autoregulatory behavior was assessed using the blood-perfused juxtamedullary nephron preparation. Hypertension was induced in uninephrectomized control rats (UNx) by subcutaneous implantation of a DOCA pellet plus administration of 1% NaCl in the drinking water (DOCA-salt) for 3 wk. DOCA-salt rats developed hypertension that was unaltered by anti-inflammatory treatment with pentosan polysulfate (DOCAsaltϩPPS) but was suppressed with "triple therapy" (hydrochlorothiazide, hydralazine, and reserpine; DOCA-saltϩTTx). Baseline arteriolar diameters were similar across all groups. UNx rats exhibited pressure-dependent vasoconstriction with diameters declining to 69 Ϯ 2% of control at 170 mmHg, indicating intact autoregulation. DOCAsalt treatment significantly blunted this pressure-mediated vasoconstriction. Diameters remained between 91 Ϯ 4 and 98 Ϯ 3% of control over 65-170 mmHg, indicating impaired autoregulation. In contrast, pressure-mediated vasoconstriction was preserved in DOCAsaltϩPPS and DOCA-saltϩTTx rats, reaching 77 Ϯ 7 and 75 Ϯ 3% of control at 170 mmHg, respectively. ATP is required for autoregulation via P2X 1 receptor activation. ATP-and ␤,␥-methylene ATP (P2X 1 receptor agonist)-mediated vasoconstriction were markedly attenuated in DOCA-salt rats compared with UNx (P Ͻ 0.05), but significantly improved by PPS or TTx (P Ͻ 0.05 vs. DOCA-salt) treatment. Arteriolar responses to adenosine and UTP (P2Y 2 receptor agonist) were unaffected by DOCA-salt treatment. PPS and TTx significantly reduced MCP-1 and protein excretion in DOCA-salt rats. These results support the hypothesis that hypertension triggers inflammatory cascades but anti-inflammatory treatment preserves renal autoregulation in DOCA-salt rats, most likely by normalizing renal microvascular reactivity to P2X 1 receptor activation. inflammation; afferent arteriole; hypertension; purinoceptors; triple therapy NORMAL KIDNEYS POSSESS AN excellent capability to maintain stable renal blood flow and glomerular filtration rate by precisely adjusting preglomerular microvascular resistance in response to fluctuations in arterial pressure. Impairment of this intrinsic autoregulatory function would permit inappropriate transmission of elevated systemic arterial pressure to the glomerulus, leading to higher glomerular capillary hydrostatic pressure. Continuous transmission of high blood pressure to glomeruli could accelerate progression to glomerulosclerosis, proteinuria, and nephron loss. Studies have established that hypertensive patients with impaired renal autoregulatory capability are more likely to develop chronic kidney disease (1, 40). Protecting the kidney from autoregulatory dysfunction in hypertensive subjects would be an important intervention for prevention of glomerular hypertension.
NORMAL KIDNEYS POSSESS AN excellent capability to maintain stable renal blood flow and glomerular filtration rate by precisely adjusting preglomerular microvascular resistance in response to fluctuations in arterial pressure. Impairment of this intrinsic autoregulatory function would permit inappropriate transmission of elevated systemic arterial pressure to the glomerulus, leading to higher glomerular capillary hydrostatic pressure. Continuous transmission of high blood pressure to glomeruli could accelerate progression to glomerulosclerosis, proteinuria, and nephron loss. Studies have established that hypertensive patients with impaired renal autoregulatory capability are more likely to develop chronic kidney disease (1, 40) . Protecting the kidney from autoregulatory dysfunction in hypertensive subjects would be an important intervention for prevention of glomerular hypertension.
Accumulating evidence suggests an important mechanistic linkage between inflammation and hypertensive renal injury (8, 18, 42, 46) . We and others previously demonstrated that chronic ANG II infusion led to increases in renal interstitial fluid ATP concentrations and renal microvascular dysfunction characterized by renal microvascular hypertrophy, impaired renal autoregulation, and impaired P2X 1 receptor signaling (9, 12, 14, 15, 24, 39, 53) . Treatment with the nonselective anti-inflammatory agent pentosan polysulfate (PPS) or a selective lymphocyte proliferation inhibitor, mycophenolate mofetil (MMF), reduced kidney injury, preserved renal autoregulation, and normalized afferent arteriole reactivity to P2X 1 receptor activation despite persistent hypertension (9, 14, 15) , suggesting that locally or systemically released inflammatory factors play pivotal roles in renal microvascular dysfunction. ANG II is a potent vasoconstrictor, but it is also a potent proinflammatory mediator (18, 46) . The question of whether inflammation-mediated hypertensive renal microvascular dysfunction is the result of elevated arterial pressure or a direct effect of ANG II has not been solved. To further investigate the contribution of inflammation in hypertension-associated renal vascular dysfunction, we determined the impact of anti-inflammatory treatment with PPS on renal microvascular function in deoxycorticosterone acetate (DOCA)-salt hypertensive rats, which is a low-renin/low-ANG II model of salt-sensitive hypertension.
Administration of DOCA plus a high-salt diet (DOCA-salt) and unilateral nephrectomy lead to hypertension via a saltsensitive volume-overload and low-renin/low-ANG II mechanism (10) . Early studies showed impaired renal autoregulation in rats (16, 19, 36) and in dogs (26) after DOCA-salt treatment. The mechanism responsible for the autoregulatory impairment is not well understood. The current study was designed to test the hypothesis that autoregulatory behavior and P2X 1 receptor reactivity of afferent arterioles in DOCA-salt hypertensive rats is preserved with anti-inflammatory treatment or with suppression of hypertension development. We determined pressuremediated autoregulatory behavior and P2X 1 receptor reactivity in DOCA-salt hypertensive rats treated with PPS or with "triple therapy" (hydrochlorothiazide, hydralazine and reserpine, TTx).
METHODS

Animals
A total of 274 male Sprague-Dawley rats (250 -275 g, Charles River Laboratories, Raleigh, NC) were used. All animals were treated according to the National Institutes of Health's Guide for the Care and Use of Laboratory Animals and were approved by the Institutional Animal Care and Use Committees at Georgia Regents University or the University of Alabama at Birmingham.
Induction of DOCA-Salt Hypertension
All rats underwent unilateral nephrectomy (UNx; left kidney) under 2% isoflurane anesthesia. DOCA-salt hypertension was induced by implanting a 200-mg time release DOCA pellet (Innovative Research of America, Sarasota, FL) subcutaneously and administering 1% NaCl and 0.2% KCl in the drinking water for 3 wk. Some DOCA-salt rats were simultaneously treated with PPS (100 mg·kg Ϫ1 ·day Ϫ1 , ELMIRON, Ortho-McNeil Pharmaceutical, Raritan, NJ) in the drinking water based on the previous day's water consumption (DOCA-saltϩPPS). To determine whether the autoregulatory impairment arises from elevated arterial pressure, or directly from mineralocorticoid and salt treatment, we added an additional DOCAsalt group that also received "triple therapy" (DOCA-saltϩTTx, hydralazine, hydrochlorothiazide, and reserpine at 30, 10, and 0.2 mg·kg Ϫ1 ·day Ϫ1 , respectively) (Sigma, St. Louis, MO). Dosing was adjusted daily by recording the previous day's water consumption. UNx rats served as controls. All experiments were performed on day 20 or 21 of treatment. Systolic blood pressure (SBP) was monitored by tail-cuff plethysmography (IITC, Woodland Hills, CA) every 6 -7 days in all rats.
Metabolic Cage Studies
Some rats were individually housed in metabolic cages for a period of 24 h on day 0 for baseline recording and this was repeated weekly after treatment. Urine (24 h) was collected, and food consumption, water consumption, and body weight were measured.
In Vitro Blood-Perfused Juxtamedullary Nephron Preparation
Juxtamedullary nephron preparation was used to directly assess afferent arteriolar autoregulatory behavior and microvascular reactivity to experimental manipulations as described previously (14, 15, 24, 53) . Briefly, two identically treated rats (kidney donor and blood donor) were used for each experiment, and each kidney was used for only one experiment. Kidneys were perfused with the reconstituted blood (hematocrit of ϳ33%). The vasoactive compounds tested were delivered to the kidney surface via superfusion of Tyrode's buffer containing 1% bovine serum albumin into the inner cortical surface of the kidney. The image of the kidney was displayed on a video monitor via a high-resolution NC-70 Newvicon video camera (DAGE-MTI) and recorded on a DVD for later analysis. Inner arteriolar diameter was measured every 12 s at a single site using a calibrated imageshearing monitor (model 908, Vista Electronics, Valencia, CA) and was calculated from the average of all diameter measurements collected during the final 2 min of each treatment period. Kidney weight data were obtained from decapsulated kidneys collected from the identically prepared blood donor rats. All data were pooled from the blood donors that were used for autoregulatory assessment, ATP, and ␤,␥-methylene ATP concentration response studies.
Experimental Design
Autoregulatory behavior of afferent arterioles. Briefly, kidney perfusion was set at 100 mmHg after an equilibration period (Ͼ15 min). After a 5-min control period to establish baseline diameter, autoregulatory responses of afferent arterioles were assessed by measuring arteriolar diameter at a single site when perfusion pressure was reduced to 65 mmHg and then increased to 170 mmHg in 15-mmHg increments at 5-min intervals. At the end of each protocol, perfusion pressure was returned to 100 mmHg and norepinephrine (10 Ϫ7 mol/l) was applied to examine arteriolar reactivity. Four groups (UNx, DOCA-salt, DOCA-saltϩPPS, and DOCA-saltϩTTx) were studied (n ϭ 6 -7/group).
Afferent arteriolar response to ATP. ATP, an endogenous P2 receptor ligand, is involved in regulating afferent arteriolar tone and autoregulatory behavior (20) . In separate groups, arteriolar reactivity to ATP was assessed in UNx, DOCA-salt, DOCA-saltϩPPS, and DOCA-saltϩTTx groups (n ϭ 6/group). After a control period, kidneys were superfused with increasing concentrations of ATP from 10 Ϫ8 to 10 Ϫ4 mol/l at 5-min intervals while perfusion pressure was maintained at 100 mmHg.
Afferent arteriolar response to a selective P2X 1 receptor agonist, ␤,␥-methylene ATP. P2X1 receptors are prominently expressed in afferent arterioles, and their activation is postulated to mediate renal autoregulation (20, 53) . ␤,␥-Methylene ATP is a selective P2X 1 and P2X 3 receptor agonist. Since P2X3 receptor expression is barely detected in preglomerular microvessels (17, 30) , the arteriolar response to ␤,␥-methylene ATP is presumably via stimulating P2X 1 receptors. Similar to the ATP concentration-response protocol, after a control period kidneys were superfused with increasing concentrations of ␤,␥-methylene ATP from 10 Ϫ8 to 10 Ϫ4 mol/l in UNx, DOCA-salt, DOCA-saltϩPPS, and DOCA-saltϩTTx groups (n ϭ 6/group).
Afferent arteriolar response to the P2Y 2 receptor agonist UTP. Since activation of P2Y 2 receptors by UTP causes potent afferent arteriolar vasoconstriction (20, 53) , the blunted ATP-mediated vasoconstriction in DOCA-salt rats could reflect P2X and/or P2Y receptor signaling. Therefore, arteriolar reactivity to UTP was determined using increasing concentrations of UTP from 10 Ϫ8 to 10 Ϫ4 mol/l at 5-min intervals while perfusion pressure was maintained at 100 mmHg (n ϭ 6/group).
Afferent arteriolar response to the P1 receptor agonist adenosine. Adenosine is also suggested to mediate renal autoregulation via A 1 receptors in afferent arterioles (5, 47) . Similar to the UTP concentration response protocol, arteriolar reactivity to adenosine was determined using 10 Ϫ8 to 10 Ϫ4 mol/l adenosine at 5-min intervals while perfusion pressure was maintained at 100 mmHg (n ϭ 6 -7/group).
Monocyte Chemoattractant Protein-1 and Proteinuria
For evaluation of kidney injury and inflammatory factors, a weekly 24-h urine was collected before and after uninephrectomy in UNx, DOCA-salt, DOCA-saltϩPPS, and DOCA-saltϩTTx groups once a week (n ϭ 7-12/group). Plasma and urinary monocyte chemoattractant protein-1 (MCP-1) concentration was measured by ELISA (BD Biosciences, San Jose, CA). Urinary protein was measured by Coomassie blue protein assay (Bio-Rad Laboratories, Hercules, CA).
Statistical Analysis
All values are expressed as means Ϯ SE. Within-group analysis was conducted using ANOVA for repeated measures followed by post hoc analysis with Dunnett's multiple range test. Significant differences between groups, within each series, were determined using one-way ANOVA and Dunnett's multiple comparison test or Student's t-test where appropriate. P values Ͻ0.05 were considered to indicate significant differences. Table 1 summarizes physiological parameters collected from metabolic cage studies over the 21-day treatment period. All baseline parameters (day 0) were similar across all groups. Body weight increased slowly in DOCA-salt and DOCAsaltϩPPS groups compared with UNx, but there was no significant difference over treatments. Body weight declined initially in DOCA-saltϩTTx rats but by day 21 was similar to the DOCA-salt group. Both DOCA-salt and DOCA-saltϩTTx groups showed significant declines in food consumption on day 7 compared with day 0. With food intake increased, the body weights also climbed and showed no difference in UNx or DOCA-saltϩPPS groups on day 21 (P Ͼ 0.05). Water intake and urine excretion were markedly increased in DOCA-salt and DOCA-saltϩPPS rats over the 21-day treatment period compared with UNx rats (P Ͻ 0.05). Water intake and urine excretion were significantly lower in DOCA-saltϩTTx rats than in DOCA-salt or DOCA-saltϩPPS rats (P Ͻ 0.05) for days 7-21 of DOCA-salt treatment; however, compared with UNx rats, DOCA-saltϩTTx rats had significant increases in urine output on days 14 and 21 (P Ͻ 0.05). Figure 1 shows SBP measured in conscious rats from the metabolic studies. UNx rats had normal SBP throughout the 21-day period and averaged 111 Ϯ 3 to 117 Ϯ 5 mmHg (n ϭ 12) over that period. In contrast, SBP increased significantly from 110 Ϯ 4 to 180 Ϯ 7 mmHg in DOCA-salt rats (n ϭ 9). The magnitude and progression of hypertension were unchanged by PPS treatment (177 Ϯ 3 mmHg, n ϭ 12, P Ͼ 0.05 vs. DOCA-salt). DOCA-salt rats receiving TTx remained normotensive, with SBP averaging 131 Ϯ 3 and 121 Ϯ 4 mmHg on day 0 and treatment day 21, respectively (n ϭ 7, P Ͼ 0.05).
RESULTS
Metabolic Parameters
SBP
Kidney Weights
After 21 days of DOCA-salt treatment, kidney weights obtained from identically treated blood donor rats for autoregulatory assessment, ATP, and ␤,␥-methylene ATP concentration response studies increased significantly in DOCA-salt (2.77 Ϯ 0.05 g, n ϭ 19) compared with UNx rats (1.77 Ϯ 0.06 g, n ϭ 18, P Ͻ 0.05) but were significantly lower in DOCAsaltϩPPS rats (2.30 Ϯ 0.07 g, n ϭ 18, P Ͻ 0.05 vs. DOCAsalt) and DOCA-saltϩTTx rats (2.19 Ϯ 0.09 g, n ϭ 19, P Ͻ 0.05 vs. DOCA-salt).
Effect of PPS Treatment on Afferent Arteriolar Autoregulatory Behavior
Figure 2 presents autoregulatory behavior of afferent arterioles in response to changes in renal perfusion pressure. The control diameter ( Fig. 2A) was similar among UNx, DOCAsalt, DOCA-saltϩPPS, and DOCA-saltϩTTx and averaged 15.9 Ϯ 0.4, 15.2 Ϯ 0.4, 15.6 Ϯ 0.8, and 14.0 Ϯ 1.0 m (P Ͼ 0.05), respectively. UNx rats exhibited normal autoregulatory responses similar to our previous reports in normal SpragueDawley rats (14, 15, 21, 22) . The diameter increased to 18.6 Ϯ 0.7 m (119 Ϯ 2% of control, Fig. 2B , P Ͻ 0.05) when perfusion pressure was decreased from 100 to 65 mmHg, and then the diameter decreased in a stepwise manner as perfusion 2B , P Ͻ 0.05 vs. UNx). Simultaneous treatment with DOCAsaltϩPPS preserved normal autoregulatory reactivity in DOCA-salt rats. The pressure-diameter relationship in DOCAsaltϩPPS rats was similar to that of UNx rats (Fig. 2) . The arteriole diameter increased to 110 Ϯ 2% of control (P Ͻ 0.05) when perfusion pressure was reduced from 100 to 65 mmHg and then declined to 78 Ϯ 6% of control at 170 mmHg ( Fig.  2B , P Ͻ 0.05). This response is significantly different from the response in DOCA-salt rats, indicating intact autoregulation in DOCA-saltϩPPS rats. Autoregulation was also preserved in DOCA-saltϩTTx rats (Fig. 2) . The arteriolar diameter increased to 111 Ϯ 2% of control (P Ͻ 0.05) as perfusion pressure was decreased from 100 to 65 mmHg and followed by vasoconstriction to 75 Ϯ 3% of control as perfusion pressure was stepped up from 65 to 170 mmHg (P Ͻ 0.05). This pressure-diameter profile resembled that in UNx and DOCAsaltϩPPS rats (P Ͼ 0.05 vs. UNx or DOCA-saltϩPPS) but was markedly different from the profile in DOCA-salt alone rats (P Ͻ 0.05). When possible, we applied norepinephrine (10 Ϫ7 mol/l) at the end of the autoregulatory experiments to verify vasoreactivity of afferent arterioles. Data were collected successfully in all groups except for one kidney in both DOCA-salt and DOCA-saltϩTTx due to insufficient perfusate blood. As shown in Fig. 2C , norepinephrine-induced vasoconstriction was similar across all groups. The arteriolar diameter decreased to 82 Ϯ 2, 86 Ϯ 2, 80 Ϯ 2, and 86 Ϯ 2% of their respective controls in UNx, DOCA-salt, DOCA-saltϩPPS and DOCA-saltϩTTx, respectively (P Ͼ 0.05), indicating that the contractile apparatus in afferent arterioles is intact in DOCAsalt rats.
Effect of PPS Treatment on Afferent Arteriolar Response to ATP
The control diameter of afferent arterioles averaged 14.0 Ϯ 0.6, 16.1 Ϯ 0.6, 15.7 Ϯ 0.8, and 16.2 Ϯ 0.8 m for UNx, DOCA-salt, DOCA-saltϩPPS, and DOCA-saltϩTTx ( 95 Ϯ 4% of control over the same concentration range (P Ͻ 0.05 vs. UNx). In contrast, ATP-induced vasoconstriction was significantly improved in DOCA-saltϩPPS rats as shown by a greater vasoconstriction compared with the responses in DOCA-salt rats ( Fig. 3B , P Ͻ 0.05), but was not completely normal compared with UNx rats (84 Ϯ 1 vs. 71 Ϯ 4% of the control diameter at 10 Ϫ5 mol/l of ATP, P Ͻ 0.05). Suppression of high blood pressure development with TTx treatment, however, maintained normal vasoconstriction to ATP in DOCAsaltϩTTx rats. The maximal vasoconstriction was 74 Ϯ 4% of control at 10 Ϫ5 mol/l of ATP, similar to in the UNx group ( Fig.  3B , P Ͼ 0.05) but was significantly greater than the response in DOCA-salt alone rats (P Ͻ 0.05).
Effect of PPS Treatment on Afferent Arteriolar Response to ␤,␥-Methylene ATP
As P2X 1 receptor signaling participates in autoregulation, the afferent arteriolar response to the P2X 1 receptor agonist ␤,␥-methylene ATP was assessed. Similar to ATP responses, arterioles from UNx rats showed a concentration-dependent vasoconstriction to ␤,␥-methylene ATP (Fig. 4) . The diameter decreased from 15.8 Ϯ 0.6 to 11.2 Ϯ 0.7 (Fig. 4A) , corresponding to 71 Ϯ 2% of control at 10 Ϫ4 mol/l ( Fig. 4B , P Ͻ 0.05). ␤,␥-Methylene ATP-mediated vasoconstriction was markedly blunted in DOCA-salt rats. The diameter decreased to only 88 Ϯ 3% of control at 10 Ϫ5 mol/l ( Fig. 4B , P Ͻ 0.05 vs. UNx), but the blunted vasoconstriction was normalized by PPS treatment. The magnitude of vasoconstriction in DOCAϩPPS rats was almost identical to the responses in UNx rats. The diameter declined to 74 Ϯ 4 and 77 Ϯ 3% of control at 10 Ϫ5 and 10 Ϫ4 mol/l, respectively ( Fig. 4B , P Ͼ 0.05 vs. UNx). DOCAsalt rats treated with TTx also exhibited a concentrationdependent vasoconstriction to ␤,␥-methylene ATP that was similar to UNx rats from 10 Ϫ8 to 10 Ϫ5 mol/l despite an attenuated vasoconstriction at 10 Ϫ4 mol/l (Fig. 4B , 81 Ϯ 2%, P Ͻ 0.05). In contrast to the response in DOCA-salt alone rats, however, the ␤,␥-methylene ATP-mediated vasoconstriction was significantly greater in DOCA-saltϩTTx rats, with a maximal reduction of diameter at 81 Ϯ 2 vs. 91 Ϯ 2% at 10 Ϫ4 mol/l in DOCA-salt rats (P Ͻ 0.05).
Afferent Arteriolar Response to P2Y 2 and P1 Receptor Activation
As shown in Fig. 5A , activation of P2Y 2 receptors by UTP evoked similar concentration-dependent vasoconstriction of afferent arterioles in both UNx and DOCA-salt rats. The control diameter averaged 15.6 Ϯ 1.0 and 14.8 Ϯ 0.9 m in UNx and DOCA-salt rats, respectively (P Ͼ 0.05). Successive increases in UTP concentration reduced the diameter from 98 Ϯ 1 to 51 Ϯ 9% of control in UNx rats and 97 Ϯ 2 to 57 Ϯ 9% of control in DOCA-salt rats, respectively (P Ͼ 0.05). Similar to the response to UTP, arteriolar responses to adenosine (P1 receptor agonist) were also indistinguishable between UNx and DOCA-salt rats ( 
Effect of PPS Treatment on MCP-1 Excretion
Urinary MCP-1 excretion (Fig. 6A) was similar across the four groups on day 0. Compared with UNx rats, MCP-1 excretion was significantly elevated in DOCA-salt rats on day 7 (P Ͻ 0.05) and continued to increase through day 21 (988 Ϯ 262 ng/day, P Ͻ 0.05). MCP-1 increased significantly to 512 Ϯ 125 ng/day in DOCA-saltϩPPS rats on day 21 or ϳ50% of that seen in the DOCA-salt group (P Ͻ 0.05). MCP-1 excretion was elevated in DOCA-saltϩTTx rats on day 7 (190 Ϯ 33 ng/day, P Ͻ 0.05 vs. UNx) and then stabilized through day 21. At day 21, MCP excretion was 189 Ϯ 104 ng/day, which was only 19% of that in DOCA-salt rats (P Ͻ 0.05). Plasma MCP-1 concentration, however, was not different across the four groups on day 21 (17 Ϯ 1, 20 Ϯ 2, 17 Ϯ 2, and 26 Ϯ 5 ng/ml in UNx, DOCA-salt, DOCA-saltϩPPS, and DOCA-saltϩTTx rats, respectively, P Ͼ 0.05).
Effect of PPS Treatment on Proteinuria
Protein excretion was similar in UNx, DOCA-salt, DOCAsaltϩPPS, and DOCA-saltϩTTx rats and averaged 12 Ϯ 1, 13 Ϯ 1, 12 Ϯ 1, 11 Ϯ 1 mg/day, respectively, on day 0 (Fig.  6B) . Protein excretion began to increase in DOCA-salt rats on day 7 and continued to rise over 21 days (279 Ϯ 65 vs. UNx at 15 Ϯ 1 mg/day, P Ͻ 0.05). Proteinuria was also increased in DOCA-saltϩPPS rats but was significantly alleviated by PPS treatment (122 Ϯ 32 mg/day on day 21, P Ͻ 0.05 vs. DOCAsalt). In contrast, protein excretion in DOCA-saltϩTTx rats was not different from UNx rats over the 21-day treatment period (14 Ϯ 3 mg/day on day 21, P Ͼ 0.05 vs. UNx).
DISCUSSION
The novel findings of the current study demonstrate that anti-inflammatory treatment prevents renal microvascular dysfunction in a low-renin/low-ANG II hypertensive rat model. DOCA-salt treatment led to a markedly blunted pressuremediated vasoconstriction of afferent arterioles and attenuated the vasoconstrictor responses to exogenous P2 receptor ligands ATP and P2X 1 receptor activation with ␤,␥-methylene ATP. The vasoconstriction to A 1 , P2Y 2 , and adrenergic receptor activation, however, was unaltered. Anti-inflammatory treatment with PPS, or suppression of hypertension development with triple therapy (TTx) treatment, preserved the autoregulatory behavior of afferent arterioles and significantly improved vasoconstriction to ATP or P2X 1 receptor activation. The improvement in function in the DOCA-saltϩPPS rats occurred despite the persistent hypertension. Furthermore, PPS or TTx treatment provided significant benefit to MCP-1 excretion and proteinuria. These results demonstrate that hypertension per se leads to the renal microvascular dysfunction observed in DOCA-salt hypertensive rats characterized by impaired renal autoregulation and preglomerular microvascular reactivity to P2X 1 receptor activation, possibly relating to activating inflammatory cascades involving elevated MCP-1. Growing evidence indicates that the ATP-P2 receptor system plays an important role in controlling renal vascular resistance and regulating renal hemodynamics and tubular transport function (13, 34) . Recent studies also show a close link between P2 receptor signaling pathways, hypertension, and hypertensive renal injury (8, 13, 34, 42) . Our previous studies revealed the coexistence of impaired renal autoregulation and impaired P2X 1 receptor signaling in ANG II-infused hypertensive rats, but the impairments were prevented by anti-inflammatory treatment with PPS or MMF despite the hypertension (14, 15) . The DOCA-salt model of hypertension is a low-renin/low-ANG II model compared with ANG IIinfused hypertensive rats (10) . Therefore, this model is ideal for distinguishing between the direct effects of ANG II and other factors. Early studies showed impaired autoregulation in rats (16, 19, 36) or dogs (26) receiving chronic DOCA-salt treatment. Furthermore, evidence shows renoprotective effects of anti-inflammatory treatment on DOCA-salt hypertensive rats (4, 6, 49), but the major vascular component of autoregulation, afferent arteriolar function, has never been directly evaluated in the DOCA-salt hypertensive model. In the current study, we demonstrate that afferent arterioles from DOCA-salt rats exhibit impaired autoregulatory behavior, as evidenced by a fairly flat pressure-diameter relationship. DOCA-salt rats receiving PPS treatment maintained normal afferent arteriole autoregulatory behavior, leading to a pressure-diameter relationship that was markedly better than in DOCA-salt rats despite the fact that DOCA-saltϩPPS rats had a similar progression and magnitude of hypertension. This indicates that renal autoregulatory behavior can be protected by anti-inflammatory treatment and that the functional improvement with PPS is independent of changes in the hypertensive state.
% of Control Diameter
To further differentiate the factors contributing to the renal microvascular autoregulatory dysfunction in DOCA-salt hypertension, we conducted additional experiments to determine whether the impairment arose due to DOCA-salt treatment or to the elevation of arterial pressure. We treated DOCA-salt rats with TTx to prevent development of hypertension while maintaining the elevated mineralocorticoid environment. Although these rats received the same DOCA-salt treatment, the afferent arterioles from DOCA-saltϩTTx rats showed normal autoregulatory behavior. The profile of pressure-dependent vasoconstriction was similar to the response in UNx rats but was distinguished from DOCA-salt hypertensive rats, suggesting that elevated arterial pressure, rather than a direct effect of the mineralocorticoid-salt treatment per se, leads to impaired renal autoregulation. Our results are in agreement with the findings of Klanke et al. (27) , who treated DOCA-salt hypertensive rats with TTx or spironolactone. They found that only the TTx prevented the enhanced gene expression of chemokines, adhesion molecules, and profibrotic cytokines in DOCA-salt kidneys despite the fact that both treatments ameliorated glomerulosclerosis and interstitial fibrosis, suggesting that high blood pressure triggers an inflammatory cascade in DOCA-salt hypertensive kidneys.
ATP is an endogenous ligand for P2X and P2Y receptors. ATP is postulated to act as a mediator in the juxtaglomerular transmission in tubuloglomerular feedback signals (37) . Activation of renal microvascular P2X 1 signaling is essential for renal autoregulation, as P2X 1 receptor blockade or deletion blunts autoregulation (22, 23, 39) . In keeping with this hypothesis, we found that UNx rats exhibited normal autoregulatory behavior and concentration-dependent vasoconstriction to either ATP or the P2X 1 receptor agonist ␤,␥-methylene ATP. In contrast, both ATP-or ␤,␥-methylene ATP-mediated arteriolar vasoconstriction were blunted in DOCA-salt rats whereas the vasoconstrictor response to norepinephrine remained unaltered. When DOCA-salt rats were treated with PPS, ATPmediated vasoconstriction was significantly improved compared with the response in DOCA-salt hypertensive rats. Importantly, PPS treatment preserved afferent arteriolar vasoconstriction to ␤,␥-methylene ATP, a more selective P2X 1 receptor agonist. Consistent with the normal autoregulatory behavior of afferent arterioles in DOCA-saltϩTTx rats, we also found that suppressing hypertension with TTx preserved afferent arteriolar vasoconstrictor responses to both ATP and ␤,␥-methylene ATP in DOCA-salt rats. Altogether, these findings indicate that the inflammation and high blood pressure per se contribute to impaired renal microvascular reactivity to P2X 1 receptor activation. These data are consistent with our previous findings in an ANG II-hypertensive model that renal autoregulatory impairment is accompanied by impaired P2X 1 receptor signaling in afferent arterioles (14, 15, 21) .
Both P1 and P2Y 2 purinoceptors are expressed in afferent arterioles. Adenosine, the endogenous P1 ligand, is believed to mediate tubuloglomerular feedback responses via A 1 receptor activation at afferent arterioles (5, 47) . Activation of P2Y 2 receptors with UTP also causes vasoconstriction of preglomerular microvessels (20, 53) . In the current study, the vasoconstriction of afferent arterioles by adenosine or UTP in DOCA-salt rats was not different from the response in UNx rats, suggesting that afferent arteriolar reactivity to A 1 and P2Y 2 receptor activation is intact in DOCA-salt rats and cannot be implicated in the impaired autoregulatory behavior in DOCA-salt hypertensive rats.
The mechanisms leading to impaired renal microvascular reactivity to P2X 1 receptor activation in DOCA-salt hypertensive rats are unclear. Earlier studies show that increases in renal perfusion pressure increase the ATP concentration in renal interstitial fluid (38) . Chronic ANG II infusion leads to a dramatic increase in ATP concentration in renal interstitial fluid and afferent arteriolar hypertrophy, which can be prevented by treatment with a nonspecific P2 receptor blocker, PPADS or a P2Y 12 receptor blocker, clopidogrel (12) . We speculate that inflammatory factors might lead to P2X 1 receptor internalization or disruption of membrane lipid rafts, which may cause redistribution of P2X 1 receptors and lead to the blunted responses to P2X 1 receptor activation (48) . A recent study by Gordienko et al. (11) in spontaneously hypertensive rats (SHR) reveals a reduction of P2X 1 receptor expression and attenuation of the ␤,␥-methylene ATP-mediated increase in intracellular Ca 2ϩ concentration in myocytes isolated from preglomerular microvessels of SHR compared with control WKY rats, suggesting that hypertension could compromise P2X 1 receptor signaling in renal microvascular myocytes and contribute to microvascular dysfunction. Additional studies are needed to determine whether alteration of P2X 1 receptor expression in renal microvessels or the alterations in P2X 1 receptor-mediated Ca 2ϩ signaling account for the blunted P2X 1 receptor-mediated vasoconstriction in this hypertensive model. MCP-1 is a chemokine that contributes to inflammationinduced renal injury. Chronic DOCA-salt treatment increased renal MCP-1/CCl2 gene expression and urinary MCP-1 excretion in rats and mice (6, 27, 33, 50) . Blockade of the MCP-1/ chemokine receptor 2b preserved normal autoregulatory behavior of afferent arterioles in ANG II-infused hypertensive rats fed 8% salt (7), suggesting that MCP-1 contributes to impaired renal autoregulation. However, the role of MCP-1 in renal microvascular function in DOCA-salt hypertensive rats is unknown. In the current study, urinary MCP-1 excretion was elevated in DOCA-salt rats compared with UNx rats but was significantly reduced by PPS or TTx treatment. Interestingly, plasma MCP-1 concentration was not significantly increased in DOCA-salt hypertensive rats. This finding is consistent with reports in other hypertensive rat models, including double transgenic hypertensive rats harboring the human renin and angiotensinogen genes or SHR rats (28, 31, 35) , and also hypertensive human subjects (25) , suggesting that local renal production of MCP-1, rather than circulating MCP-1, plays a critical role in mediating hypertension-associated renal injury. Blasi and coworkers (2) revealed that MCP-1 mRNA is rarely detectable in normal rat kidneys but was detected in damaged and regenerative tubules, interstitial macrophages, vascular smooth muscle cells, arteriolar endothelial cells, and glomerular endothelial and epithelial cells in aldosterone/salt-induced hypertensive rats. This suggests that stimulation of mineralocorticoid receptor activation can lead to increased MCP-1 in many renal cell types. PPS treatment significantly decreased both MCP-1 excretion and proteinuria in DOCA-salt rats. The level of proteinuria is positively correlated with MCP-1 excretion, suggesting that PPS treatment provides renal protection via reduction of inflammation in DOCA-saltϩPPS rats, consistent with improved renal vascular function.
PPS has been widely used for treatment of interstitial cystitis (41) . Recent studies show protective effects of PPS in animals with hypertension-associated kidney injury, diabetic nephropathy, and atherosclerotic lesions (3, 14, 32, 52) . PPS is a highly sulfated semisynthetic polysaccharide and has similar structural and chemical properties as glycosaminoglycan. Glycosaminoglycan is considered an important constituent, forming an endothelial surface glycocalyx layer to protect endothelial cells from cytokine and leukocyte adhesion under inflammatory conditions (29, 43, 44) . Therefore, an intact glycocalyx in the glomerular endothelium acts as an important microvascular permeability barrier that prevents albumin filtration (43, 45) . Disruption of the endothelial glycocalyx layer has been linked to increased albuminuria, atherosclerosis, and systemic inflammation (29, 43, 44) . Wu et al. (52) reported that the development/progression of nephropathy in aging diabetic mice could be prevented by PPS treatment by reduction of MCP-1 production and suppression of TNF-␣ and NF-B activation, suggesting the anti-inflammatory properties of PPS. Additionally, the endothelial glycocalyx layer is thought to play a crucial role in mechanotransduction (51), a process that initiates the vascular myogenic response. However, it is unclear whether alteration of the endothelial glycocalyx layer is responsible for impaired afferent arteriole autoregulatory behavior in DOCA-salt hypertensive rats. Here, we demonstrate that PPS treatment not only protects renal microvascular function by preserving renal autoregulation but also reduces proteinuria despite persistent hypertension in DOCA-salt rats. We also showed that PPS significantly protects against renal hypertrophy in DOCA-salt rats, but the mechanisms underlying this protection need further investigation. Furthermore, if PPS provides renal protection in an established hypertension-induced kidney injury setting, it would create a unique therapeutic opportunity for translation to clinical application.
Additionally, the current study also reveals that suppressing hypertension development with TTx not only preserves normal autoregulatory behavior of afferent arterioles but also alleviates urinary protein excretion in DOCA-salt hypertensive rats, supporting the concept that maintaining normal autoregulation is important for preventing glomerular injury in hypertension. Loss of renal autoregulatory efficiency leads to glomerular stress and subsequent glomerular injury, as shown by elevation of urinary protein excretion. Better control of blood pressure is critical for preventing loss of renal autoregulation and hence protects against hypertensive glomerular injury.
In conclusion, the current studies provide evidence that hypertension activates inflammatory cascades which contribute to impaired renal autoregulation and blunted P2X 1 receptormediated renal microvascular vasoconstriction in DOCA-salt hypertensive rats. Simultaneous initiation of anti-inflammatory treatment with PPS or suppression of hypertension development with TTx, at the start of DOCA-salt, prevents impairment of renal autoregulation despite persistent hypertension. This is accompanied by normalizing the renal microvascular response to P2X 1 receptor activation and reducing MCP-1 excretion and protein excretion. We also demonstrated that P2Y 2, A 1 , and adrenergic receptor reactivity remains intact in DOCA-salt afferent arterioles, suggesting that impairment of renal autoregulation in DOCA-salt hypertension cannot be attributed to alteration of P2Y 2 and A 1 receptor signaling or to a general decline in afferent arteriolar reactivity to vasoconstrictor stimuli. Overall, anti-inflammatory intervention with PPS and suppression of hypertension with TTx confer significant renal protection against the decline of renal autoregulation, and this is associated with preservation of P2X 1 receptor reactivity.
